We employ chaotic (φ 2 and φ 4 ) inflation to illustrate the important role radiative corrections can play during the inflationary phase. Yukawa interactions of φ, in particular, lead to corrections of the form −κφ 4 ln(φ/µ), where κ > 0 and µ is a renormalization scale. For instance, φ 4 chaotic inflation with radiative corrections looks compatible with the most recent WMAP (5 year) analysis, in sharp contrast to the tree level case. We obtain the 95% confidence limits 2.4 × 10 Chaotic inflation driven by scalar potentials of the type V = (1/2)m 2 φ 2 or V = (1/4!)λφ 4 provide just about the simplest realization of an inflationary scenario [1]. For the φ 2 potential, the predicted scalar spectral index n s ≈ 0.966 and scalar to tensor ratio r ≈ 0.135 are in good agreement with the most recent Wilkinson Microwave Anisotropy Probe (WMAP) 5 year analysis [2, 3] . For the φ 4 potential, the predictions for n s and r lie outside the WMAP 95% confidence limits.
Chaotic inflation driven by scalar potentials of the type V = (1/2)m 2 φ 2 or V = (1/4!)λφ 4 provide just about the simplest realization of an inflationary scenario [1] . For the φ 2 potential, the predicted scalar spectral index n s ≈ 0.966 and scalar to tensor ratio r ≈ 0.135 are in good agreement with the most recent Wilkinson Microwave Anisotropy Probe (WMAP) 5 year analysis [2, 3] . For the φ 4 potential, the predictions for n s and r lie outside the WMAP 95% confidence limits.
In this letter we wish to emphasize the fact that radiative corrections can significantly modify the 'tree' level predictions listed above. The inflaton field φ must have couplings to 'matter' fields which allow it to make the transition to hot big bang cosmology at the end of inflation. These couplings will induce quantum corrections to V , which we take into account following the analysis of Coleman and Weinberg [4] . (For a comparison of Coleman-Weinberg potential with WMAP, see Ref. [5] .) Even if such terms are sub-dominant during inflation, they can make sizable corrections to the tree level predictions for n s and r.
Here, we investigate the impact of quantum corrections on the simplest chaotic (φ 2 and φ 4 ) inflation models. We do not consider a specific framework such as supergravity, where the potential generally gets modified and becomes exponentially steep for super-Planckian values of the field. (For a realization of chaotic inflation in supergravity, see Ref. [6] .) We instead assume that quantum gravity corrections to the potential become large only at super-Planckian energy densities [7] , which can allow higher order terms to be negligible during the observable part of inflation [8] . We are mainly interested in the coupling of φ to fermion fields, for these give rise to radiative corrections to V which carry an overall negative sign. A simple example is provided by the Yukawa coupling (1/2)hφNN , where N denotes the right handed neutrino. (Note that N may also have bare mass terms.) Such couplings provide correction terms to V which, to leading order, take the form
where κ = h 4 /(16π 2 ) in the one loop approximation, and µ is a renormalization scale. The negative sign is a characteristic feature for the contributions from fermions.
By taking into account the contribution provided by Eq. (1), we find that depending on κ, the scalar to tensor ratio r can be considerably lower than its tree level value. An interesting consequence is that φ 4 inflation, which has been ruled out at tree level, becomes viable for a narrow range of κ. The predictions for n s and r extend from the tree level values to a new inflation regime of small r and n s ≪ 1. (A similar range of predictions can be obtained at tree level for the binomial potential
.) We can expect that the next round of precision measurements of n s , r and related quantities such as α ≡ dn s /d ln k will provide a stringent test of these more realistic φ 2 and φ 4 inflation models.
To see how the correction in Eq.
(1) arise, consider the Lagrangian density
where the subscript 'B' denotes bare quantities, and the field N denotes a Standard Model singlet fermion (such as a right handed neutrino). The inflationary potential including one loop corrections is given by
where, following Ref. [4] ,
For the range of h that we consider, hφ ≫ m and h 2 ≫ λ during inflation. Also assuming hφ ≫ m N , the leading one loop quantum correction to the inflationary potential is given by Eq. (1). Note that with hφ ≫ H (Hubble constant), the 'flat space' quantum correction is a good approximation during inflation. (For a discussion of pure Yukawa interaction involving massless fermions in a locally de Sitter geometry see Ref. [10] . For a discussion of one-loop effects in chaotic inflation without the Yukawa interaction see Ref. [11] .) For convenience, we will set the renormalization scale µ = hm P , where m P ≈ 2.4 × 10
18
GeV is the (reduced) Planck scale. (Changing the renormalization scale corresponds to redefining λ, and does not affect the physics.)
The instability for φ ≫ m P caused by the negative contribution of Eq. (1) will not concern us too much here. Presumably it is taken care of in a more fundamental theory. Our inflationary phase takes place for φ values below the local maximum. Although this differs from the original chaotic inflation model, it is still possible to justify the initial conditions. Inflation most naturally starts at an energy density close to the Planck scale. However, the observable part of inflation occurs at a much lower energy density. If, after the initial phase of inflation, there exist regions of space where the field is sufficiently close to the local maximum, eternal inflation takes place. It would then seem that the regions satisfying the condition for eternal inflation would always dominate, since even if they are initially rare, their volume will increase indefinitely. For discussions of this point, see e.g. Refs. [7, 12, 13] .
Before we discuss the effect of Eq. (1) on the inflationary parameters, let's recall the basic equations. The slow-roll parameters may be defined as (see Ref. [14] for a review and references):
Here and below we use units m P = 1, and '′' denotes derivative with respect to φ. The spectral index n s , the tensor to scalar ratio r and the running of the spectral index α ≡ dn s /d ln k are given by
The amplitude of the curvature perturbation ∆ R is given by
The WMAP best fit value for the comoving wavenumber k 0 = 0.002 Mpc −1 is ∆ R = 4.91 × 10 −5 [2] . In the slow-roll approximation, the number of e-folds is given by
where the subscript '0' implies that the values correspond to k 0 . The subscript 'e' implies the end of inflation, where ǫ(φ e ) ≃ 1. N 0 corresponding to the same scale is [15] 
where ρ reh is the energy density at reheating, and γ − 1 represents the average equation of state during oscillations of the inflaton. For V ∝ φ n , γ = 2n/(n + 2) [16] . In particular, for φ 2 inflation γ = 1 and the universe expands as matter dominated during inflaton oscillations, whereas for φ 4 inflation γ = 4/3 and the universe expands as radiation dominated. In the latter case N 0 does not depend on ρ reh . Note that with quantum corrections included in the potential, γ will in principle deviate from its tree level value. However this effect is quite negligible since the tree level term dominates at low values of φ where inflation has ended.
First, assume that λ ≪ m 2 /φ 2 during inflation, so that inflation is primarily driven by the quadratic φ 2 term. For the tree level potential V = (1/2)m 2 φ 2 , Eq. (10) gives N 0 ≃ φ 2 0 /4. Using Eq. (9), m ≃ 1.6 × 10 13 GeV. Using the above definitions we also obtain
The number of e-folds is given by Eq. (11) . Assuming m N ≪ m, the inflaton decay rate Γ φ = h 2 m/(8π) (where h 2 < m) and ρ reh ≃ κm 2 m 2 P . We can simplify the discussion of the potential with the loop correction by treating ln φ as constant. We then have
where in Eq. (17) we have defined The inflationary parameters are given by
The numerical solutions are obtained (without the constant ln φ approximation, except for calculating u 0 ) using Eq. (9), Eq. (10) and Eq. (11) . (We also include the next to leading order corrections in the slow roll expansion, see Appendix.) One way to obtain the solutions is to fix κ and scan over m (with φ 0 calculated for each m value using Eq. (9) and r is suppressed by u 2 . For the φ 2 solution the local maximum of the potential and φ 0 is at higher values, whereas for the hilltop solution inflation occurs closer to the local maximum (see Fig. 1 and Table I ). As the value of κ is increased, the two branches of solutions approach each other and they meet at κ ≃ 8 × 10 −15 (see Fig. 2 ).
Note that the one loop contribution to λ is of order (4!)κ, which is ∼ m 2 /φ 2 in the parameter range where the κ term has a significant effect on inflationary observables. In this case our assumption λ ≪ m 2 /φ 2 corresponds to the renormalized coupling being small compared to the one loop contribution.
Alternatively, assume that λ ≫ m 2 /φ 2 during inflation, so that inflation is primarily driven by the quartic term. For the tree level potential V = (1/4!)λφ 4 , Eq. (10) gives N 0 ≃ φ 2 0 /8. Using Eq. (9), λ ≃ 8 × 10 −13 . We also obtain Including the loop correction we have
where in Eq. (27) we have defined
The inflationary parameters are given by 
The numerical results are displayed in Fig. 3 and Table  II . As before, there are two solutions for a given value of κ. We call the large v 0 solution the φ 4 solution, and the other the hilltop solution. The predictions for V = (1/4!)λφ 4 are recovered for v 0 ≫ 1, or λ ≫ 24κ ln φ 0 . Since φ 2 0 = 8N 0 for φ 4 potential, this corresponds to λ ≫ 75κ. As the value of κ is increased, the two branches of solutions approach each other and they meet at κ ≃ (4 √ 6π∆ R ) 2 /φ 6 0 ≃ 6 × 10 −14 . To summarize, in this paper we have considered the impact radiative corrections can have on chaotic inflation predictions with φ 2 and φ 4 potentials. A Yukawa coupling of φ, in particular, induces corrections to the in- 4 − κφ 4 ln(φ/mP ) (dashed curve). The WMAP contours (68% and 95% CL) are taken from Ref. [2] . The points on the curves correspond to the tree level predictions for φ 2 and φ 4 potentials.
flationary potential with a negative sign, which can lower r. We display the possible range of values for the inflationary parameters including such corrections. As shown in Fig. 4 , although φ 4 inflation seems excluded at tree level, it can become compatible with WMAP when this correction is included. The current WMAP limits imply r 0.02 (r 0.04) for the φ 2 (φ 4 ) model, which therefore suggests that signatures of primordial gravitational waves should be observed in the near future.
Finally we note that radiative corrections can also significantly alter the inflationary predictions of other models. For instance, the Yukawa coupling induced correction considered here can lead to a red-tilted spectrum (including n s ≈ 0.96 as favored by WMAP) in the nonsupersymmetric hybrid inflation model [17] , which otherwise predicts a blue spectrum.
